Abstract. Neuroblastoma is a common childhood tumor. Vincristine (VCR), an alkaloid extracted from Catharanthus roseus, is commonly used in combination chemotherapy. However, the mechanisms of VCR-induced neuroblastoma cell death are not clear. The aim of this study was to investigate the impact of VCR on mitosis and apoptosis of SH-SY5Y neuroblastoma cells and the underlying mechanisms. SH-SY5Y cells were treated with increasing VCR doses for different time points. Cell proliferation was detected using the MTT assay. Mitotic rate was quantified by immunofluorescence. Cell cycle and apoptosis were analyzed by flow cytometry. The mRNA and protein expression of caspase-3 and -9 (apoptotic factors), as well as cyclin B and D (cell cycle factors), was evaluated by real-time (RT)-PCR and western blot analysis, respectively. VCR inhibited SH-SY5Y cell proliferation in a time-and dose-dependent manner (P<0.05). The IC 50 of VCR in SH-SY5Y cells was determined as 0.1 µM. VCR at 0.1 µM induced mitotic arrest and apoptosis, promoted the expression of caspase-3 and -9 and cyclin B, while decreasing the expression of cyclin D at 6, 12, 18 and 24 h. Except for the mRNA expression of cyclin D at 6 h, these changes were significant at both the mRNA and protein levels (P<0.05). VCR induces mitotic arrest of SH-SY5Y cells by regulating cyclin B and D. It further induces apoptosis in these cells through the activation of caspase-3 and -9. This study provides fundamental evidence for the application of VCR in neuroblastoma chemotherapy.
Introduction
Neuroblastoma is a type of solid tumor that commonly occurs in children under 5 years of age, with a current prevalence of 1 out of 100,000 children (1) . The clinical hallmark of neuroblastoma is its heterogeneity (2) . It most commonly originates from one of the adrenal glands but it can also develop in the nerve tissues located in the neck, chest, abdomen and pelvis (2) . Common treatments for neuroblastoma include intensive chemotherapy, surgery, radiotherapy, stem cell transplantation and immunotherapy (3) (4) (5) . Low-risk patients can be cured via surgery, while intermediate and high-risk patients require intensive chemotherapy and/or other treatments (4) . Vincristine (VCR), an alkaloid extracted from Catharanthus roseus, is frequently used in combination chemotherapy (6) . For example, VCR is used together with topotecan for the treatment of advanced bilateral intraocular retinoblastoma (7) . It is also used together with carboplatin for the treatment of children with newly diagnosed progressive low-grade gliomas (8) .
In contrast to normal somatic cells, cancer cells exhibit an uncontrolled cell cycle and decreased apoptosis (9) . Most chemotherapeutic agents used in the clinic target those two features of cancer cells, inducing their cell cycle arrest and apoptosis. For example, it has been demonstrated that combined treatment with VCR and cisplatin, another commonly used anticancer agent, induced apoptosis of the human retinoblastoma cell lines Y79 and WERI-Rb1, in a dose-dependent manner (10) . In acute lymphoblastic leukemia cells, VCR induced apoptosis through activation of caspase-3 and -9 (11) . Other anticancer drugs such as baica-3 and -9 (11) . Other anticancer drugs such as baicalein led to cell cycle arrest at the S phase by downregulating cell cycle factors including CDK-4, cyclin B1 and D1 in human lung squamous carcinoma CH27 cells (12) . Similarly, VCR, as an anti-tubulin compound, can also lead to cell cycle arrest at the G 2 /M phase by promoting microtubule depolymerization in many tumor cell lines (13) . However, despite the studies demonstrating the anti-tubulin and apoptotic effect of VCR on cancer cells, the mechanism involved in the VCR-induced cell death in neuroblastoma cells is still not clear. Consequently, the application of VCR in chemotherapies, for neuroblastoma and lymphoma, still requires a high dosage resulting in high toxicity (14, 15) .
The SH-SY5Y cell line originates from human neuroblastoma. It contains many features representing dopaminergic neurons (16) . SH-SY5Y cells can also be induced to differentiate into mature neurons (16) , which exhibit a distinct morphology and are easily detected (16 We also investigated the expression of apoptotic and cell cycle-related factors following VCR treatment. We aimed to clarify the mechanisms involved in the anticancer function of VCR and provide important references for VCR application in neuroblastoma chemotherapy.
Materials and methods
Cell culture. The human neuroblastoma cell line SH-SY5Y was purchased from the China Center for Type Culture Collection. Cells were cultured in H-DMEM medium containing 10% FBS at 37˚C with 5% CO 2 .
MTT assay measurement of cell proliferation. SH-SY5Y cells at a logarithmic phase were seeded in 96-well plates (at 2x10 6 /l) and incubated for 12 h until cells formed a monolayer. Wells were randomly chosen for treatment groups and a control group. For the treatment groups, cells were incubated with 200 µl of cell culture medium containing 0.001, 0.01, 0.1, 1 or 10 µM of VCR (Sigma-Aldrich, St. Louis, MO, USA). In the control group, cells were grown in 200 µl cell culture medium only. Cells were incubated for another 24, 48 and 72 h and then 20 µl of 5 g/l MTT (0.1 mg/l final concentration) was added to each well. After 4 h of incubation, the cell culture supernatant was removed, 150 µl of DMSO was added to each well and the plate was shaken for 10 min. The absorbance of each well was detected at 490 nm (A value) on an ELISA plate reader. The growth inhibition rate of VCR-treated cells was calculated as: Growth inhibition rate % = [(average A value of control group -average A value of VCR-treated group)/average A value of control group] x 100%. This experiment was performed in triplicates.
Flow cytometric measurement of the cell cycle distribution. SH-SY5Y cells were seeded in 6-well plates (at 2x10 6 /ml) and incubated for 24 h until they were treated with 0.1 µM VCR for 6, 12, 18 and 24 h. Non-treated cells at 0 h were used as the control group. Cells were washed twice with ice-cold PBS and fixed with 70% ice-cold ethanol. After centrifugation, 100 mg/l RNase and 5 g/l propidium iodide (both purchased from Sigma-Aldrich) were added to each tube, and cells were stained in the dark for 30 min. Detection of cell cycle distribution was then performed on a BD FACSCalibur. FCS Express Version 3.0 software was used to analyze the data.
Immunofluorescent staining measurement of the mitotic index and apoptosis. SH-SY5Y cells were grown on coverslips inside the wells of 6-well plates and were treated with 0.1 µM VCR for 6, 12, 18 and 24 h. Non-treated cells at 0 h were used as the control group. Cells were incubated in warm PHEM solution at 37˚C for 1 min, permeabilized with 0.1% Triton X-100 for 1 min and fixed with 3.7% formaldehyde for 15 min at 37˚C. Cells were then washed in PBS and stained for 20 min with 20 µl of Hoechst 33342 (final concentration: 10 g/l; Sigma-Aldrich). After washing with TBST, cells were incubated with FITC-labeled anti-α-tubulin antibody (1:50 dilution; Sigma-Aldrich) for 1 h at 37˚C. After another TBST wash, fluorescent mounting media were added and the slides were sealed. Under a fluorescence microscope, chromatin agglutination, the number of mitotic cells and the number of apoptotic cells were detected or calculated using Image-Pro Plus 6.0 software. On each slide, 5 fields were chosen randomly, and the number of mitotic cells was counted. The mitotic index (MI) was calculated using the following equation: MI = number of mitotic cells/total number of cells (17) (18) (19) .
Real-time (RT)-PCR measurement of caspase-3 and -9
, cyclin B and D mRNA expression. Cells were seeded and treated as described previously. Total RNA was extracted using the TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) and cDNA was synthesized using the PrimeScript™ RT kit (TransGen Biotech, Beijing, China) according to the respective manufacturers' instructions. The primers used in the RT-PCR reactions are listed in Table I . The total reaction volume was 20 µl including 1 µl forward primer, 1 µl reverse primer, 1 µl cDNA, 4 µl SYBR-Green PCR master mix (Roche Diagnostics Corporation, Roche Applied Science, Basel, Switzerland) and 13 µl ddH 2 O. The Table I . Primers used in the RT-PCR reactions. following program was used in all reactions: step 1, 1 cycle at 95˚C for 10 min; step 2, 45 cycles of 94˚C for 10 sec, 60˚C for 15 sec and 72˚C for 15 sec. Fluorescence signal was collected at each cycle in step 2. All RT-PCR reactions were performed in triplicates. Data were analyzed according to the instruction manual of the Roche LightCycler 2.0 detection system. First, ΔCt = Ct Gene -Ct GAPDH . Then, ΔΔCt = ΔCt treated -ΔCt control. Lastly, 2 -ΔΔCt was calculated as the relative mRNA expression of the target genes.
Western blot detection of caspase-3 and -9, cyclin B and D protein expression.
Cells were seeded and treated as described previously. Cells were washed twice in PBS and lysed in lysis buffer [50 mM Tris-HCl (pH 7.4); 150 mM NaCl; 1 mM ethylene diamine tetra-acetic acid (EDTA); 5% (v/v) β-mercaptoethanol; 1% Nonidet P (NP)-40; 0.25% sodio deoxycholate; 5 µg/ml leupeptin; 5 µg/ml aprotinin; 0.2 mM phenylmethyl sulfonyl fluoride (PMSF)] and incubated on ice for 60 min. Cell lysates were centrifuged at 12,000 x g, the supernatants were collected and the protein concentration was measured. Protein (50 µg) was loaded from each sample on SDS-PAGE using a 12% running gel. Separated proteins were then transferred to PVDF membranes and blocked with 5% skim milk for 2 h at 37˚C. Blots were then incubated with primary antibodies (all rabbit IgG) against caspase-3 and -9 (both at a 1:1,000 dilution; purchased from Epitomics, Burlingame, CA, USA), cyclin B (1:50 dilution), cyclin D (1:200 dilution; both purchased from Thermo Fisher Scientific, Fremont, CA, USA) or β-actin (1:200 dilution; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) overnight at 4˚C. After washing in TBST for 3x15 min, the blots were incubated with HRP-labeled rabbit IgG (1:4,000 dilution; KPL, Gaithersburg, MD, USA) for 2 h at 37˚C. They were washed again in TBST for 3x15 min, exposed and developed to X-ray films. BandScan 5.0 software was used for protein densitometry measurements (A value).
Statistical analysis. The SPSS 13.0 software was used for data analysis. The t-test was used in the comparison between 2 groups and one-way ANOVA in the comparison between more groups. Results are presented as means ± SE. P<0.05 was considered to indicate a significant difference.
Results

VCR inhibits the proliferation of SH-SY5Y cells.
We investigated the impact of VCR on SH-SY5Y cell proliferation by the MTT assay. Our results revealed that VCR inhibited the proliferation of SH-SY5Y cells (Fig. 1) . The inhibitory effect increased with the dose of VCR (from 0.001 to 10 µM). Under the same VCR dose, the inhibitory effect on cell proliferation increased with the time of treatment (24, 48 and 72 h time points). Hence, the inhibition of SH-SY5Y cell proliferation by VCR was dose-and time-dependent. According to the MTT assay, the IC 50 of VCR in SH-SY5Y cells was 0.113±0.012, 0.078±0.009 and 0.051±0.008 µM at 24, 48 and 72 h, respectively. We therefore chose 0.1 µM of VCR as the treatment dose in the following experiments.
VCR induces SH-SY5Y cell cycle arrest at the G 2 /M phase.
We analyzed the cell cycle distribution of VCR-treated SH-SY5Y cells by flow cytometry. Cells were treated with 0.1 µM of VCR for 6, 12, 18 and 24 h. The percentage of G 0 /G 1 phase cells decreased gradually with time, from 76.26±9.05% at 6 h to 16.46±2.99% at 24 h, with that of the group treated for 24 h being significantly lower (P<0.01) than that in the control group (84.83 ±9.72%) (Fig. 2) . Concomitantly, the percentage of G 2 /M phase cells increased gradually from 20.60±4.32% at 6 h to 72.34±9.44% at 18 h, with the percentage in the group treated for 18 h being significantly higher (P<0.01) than in the control group (13.28±3.76%). Furthermore, the percentage of cells present at the apoptotic phase (sub-G 1 phase) increased from 5.75±2.74% at 6 h to 21.25±4.36% at 24 h, with the percentage of cells in the 24 h treated group being significantly higher (P<0.01) than that in the control group (3.47±1.46%). These data suggest that VCR induces apoptosis of SH-SY5Y cells following cell cycle arrest at the G 2 /M phase.
VCR induces mitotic arrest of SH-SY5Y cells.
Anti-tubulin compounds act by disrupting spindle integrity and activating the mitotic checkpoint, which leads to cell cycle arrest at the M phase and eventually apoptosis (20) . In order to confirm whether VCR induces SH-SY5Y cell cycle arrest at the M phase, we performed immunofluorescence microscopy for α-tubulin and DNA in VCR-treated and non-treated cells, determined the number of cells at the M phase and calculated the respective mitotic index (MI). Staining with FITC-labeled α-tubulin antibody and Hoechst 33342, revealed an evenly distributed microtubule network in green and blue-stained nuclei in untreated SH-SY5Y cells. On the contrary, VCR-treated SH-SY5Y cells exhibited distinct changes in the microtubular structure, showing an accumulation of microtubules close to the nuclei, concomitant with a dramatic decrease in microtubule density in the rest of the cytoplasm (Fig. 3Α) . This indicates that VCR treatment disrupted the correct assembling of tubulin in these cells, caused cell cycle arrest at the M phase and premature termination of mitosis. In the presence of VCR, the number of cells in the M phase increased with time, from a MI of 0.25±0.05 at 6 h to 0.71±0.08 at 18 h, both being significantly higher than that in the control group (Fig. 3B)  (P<0.05, P<0.01) . (Fig. 4) . Our results showed that treatment with 0.1 µM of VCR dramatically increased the mRNA expression of cyclin B, caspase-9 and -3, while decreasing the mRNA expression of 
VCR affects the protein expression of cyclin B and D, caspase-3 and -9 in SH-SY5Y cells.
We next addressed whether the mRNA changes in the 4 regulators were observed at the protein level. Western blot analysis revealed that treatment with 0.1 µM of VCR induced a significant increase in protein expression of cyclin B, caspase-3 and -9 and a significant decrease in that of cyclin D, when compared with the control group (Fig. 5) (all P<0.01) . These results are in agreement with the changes in the mRNA expression of the corresponding molecules.
Discussion
Neuroblastoma is the most common extracranial solid tumor of childhood. The survival rate of children with this disease is only 15% (21) . It is highly heterogeneous and can be classified into 3 risk categories from low to high (2, 4) . Due to the fact that most low-risk patients can be cured through surgery (4), most neuroblastoma studies are focused on intermediate-and high-risk patients. A clinical study found that short duration and low dosage of combined chemotherapy can lead to a similar curative effect, with a 3-year overall survival rate as high as 96±1% and a 3-year event-free survival as high as 88±2%, when compared with a long period and high dosage chemotherapy using the same anticancer agents (14) . Among high-risk pediatric patients, another clinical study demonstrated that combined chemotherapy and stem cell transplantation can markedly improve the 3-year overall survival rate compared to chemotherapy alone (21) . VCR is often used in intensive chemotherapy to treat pediatric patients with advanced neuroblastoma (22, 23) . However, the mechanisms involved in VCR-induced cell death in this disease are still not clear. High doses of VCR can lead to drug resistance and potential side effects (14, 24) . Therefore, in the present study we used a human neuroblastoma cell line, SH-SY5Y, to investigate the impact of a large range of VCR doses (0.001-10 µM) on SH-SY5Y cell cycle and apoptosis, as well as the underlying mechanisms. We demonstrated for the first time that a low dose of VCR (0.1 µM, determined by the IC 50 value calculated through MTT assay measurement of the impact of different VCR doses on SH-SY5Y cell proliferation) induces mitotic arrest and apoptosis of SH-SY5Y cells.
VCR is a microtubule-interfering compound and thereby a cell cycle-specific agent. VCR disrupts the formation of mitotic spindles and forces cell cycle arrest at the M phase. Our results indicate that VCR upregulates the expression of cyclin B and downregulates the expression of cyclin D in SH-SY5Y cells. Cyclin B is a mitosis-promoting factor and in normal somatic cells its expression peaks at the G 2 -M transition (25) . In contrast, cyclin D promotes G 1 -S transition (25) . The upregulation of cyclin B by VCR may lead to the observed increased number of cells at the M phase. The downregulation of cyclin D is not sufficient to drive the cells to progress from the M phase into G 0 /G 1 , resulting in a cell cycle arrest at the M phase. At the G 2 -M transition, the DNA damage checkpoint is an important control mechanism in eukaryotic cells, ensuring a DNA repair opportunity before entering into mitosis (26) . When VCR induces cell cycle arrest at the M phase, the self-repair mechanism will allow some cells to pass the cell cycle checkpoint after DNA repair. However, since most cells are not able to pass that checkpoint, there is activation of apoptotic signaling pathways, leading cells to apoptosis (27) .
VCR can affect cellular metabolism, inhibit proliferation and induce apoptosis in many types of tumors (28) (29) (30) . Our results show that VCR induces apoptosis in SH-SY5Y cells through a mechanism involving activation of caspase-3 and -9. The activation of caspase family proteins plays a key role in apoptosis. An inadequate caspase activity is usually observed in neuroblastoma and it is an important factor leading to cancer severity as well as to the development of drug resistance (31) . Caspases are usually synthesized and maintained as inactive proenzymes (32) . Apoptotic signals can activate the caspase cascade, among which caspase-3 and -9 are the key caspase proteins. Caspase-3 is an effector or 'executioner', while caspase-9 is an initiator caspase (32) . Caspase-9 can directly or indirectly activate the downstream caspase-3, as well as endonuclease G, which further leads to DNA fragmentation (32) . A previous study has suggested that because the peripheral nervous system relies on caspase-3 for induction of apoptosis, this caspase is expected to be a target gene in the treatment of peripheral nervous system injuries (33) . Our study revealed that during VCR-induced SH-SY5Y apoptosis, the expression of caspase-3 and -9 dramatically increased with time. Upregulation of both caspase-3 and -9 can disrupt mitochondrial membrane integrity, leading to the release of cyctochrome c, which induces apoptosis. Caspase-3 and -9 have also been reported to be able to specifi -3 and -9 have also been reported to be able to specifically digest ATPase 4b isoform and disrupt the function of calcium pumps, leading to intracellular calcium overload and apoptosis (34) .
In conclusion, our study suggests that a low dose of VCR can induce cell cycle arrest at the M phase and eventually apoptosis in SH-SY5Y neuroblastoma cells. This may result from regulation of the expression of cell cyclerelated proteins, cyclin B and D, as well as apoptotic factors including caspase-3 and -9 by VCR. These data provide relicaspase-3 and -9 by VCR. These data provide reli-3 and -9 by VCR. These data provide reliable evidence for the application of VCR in neuroblastoma chemotherapy.
